In principle, electron spectroscopy is a nondestructive technique. Therefore, the characteristic features of the photoelectron and Auger electron spectra, such as the peak position (electron energy), satellite structure, and multiplet splitting, give information on the state of chemical bonding of the detected elements. The recent development of XPS instruments has enabled us to observe photoelectron images with a lateral resolution in the micrometer-to-submicrometer range using scanning or direct imaging techniques. 11 In particular, photoelectron emission microscopy (PEEM), one of the direct imaging microscopes, is a promising technique for surface microscopy. 12, 13 A lateral resolution down to 20 nm has been achieved for X-ray PEEM (X-PEEM) with a synchrotronradiation photon source. 14 X-ray PEEM has been applied to the analysis of geological samples. 15 Conventional AES uses a high-intensity primary electron beam, which can be easily focused to fine spot of submicrometer-to-nanometer size, permitting the surface analysis of a selected local area on a sample. In addition, Auger electron images of the sample surface can be obtained by scanning a fine electron beam. This is known as scanning Auger microscopy (SAM). Many important geological and environmental samples are poor electrical conductors. Because the development of electric charge, arising from electron irradiation, is a serious problem in AES measurements, samples of such insulators should be mounted in a malleable metal foil, such as In, and the measurement conditions should be carefully tuned so as to minimize the sample charging. 6 In recent years, an ion flood gun producing a low-energy positive ion beam, such as Ar + , has been used for negative-charge reduction. The positive sample charging in XPS due to photoelectron emission is not as troublesome as the negative charge-up in AES, and is effectively compensated by a combination of positive-ion and electron flood. 16 
2·2 Secondary ion mass spectrometry
Secondary ion mass spectrometry detects positive and negative ions emitted from a solid sample when the sample is bombarded by energetic primary ions, such as O -and Cs + . Primary ions sputter off the surface layer of the sample, and produce secondary species. Although most of the sputtered species are neutral, a small fraction of them are atomic or molecular ions (secondary ions).
Secondary ion mass spectrometry permits elemental and isotopic analyses, and far surpasses electron spectroscopy in its sensitivity for elemental analysis. The isotopic composition of some elements, such as Pb, is useful as an environmental tracer for determining the sources and pathways of pollution. The detection limit of SIMS, which depends on factors such as the choice of the instrument, the operating mode, and the measured element, is generally in the concentration range between parts per million (ppm) and parts per billion (ppb). However, the ionization probability is matrix sensitive, and the calculation of the elemental concentrations from secondary ion intensities is not straightforward. The large variation in the SIMS sensitivity for different elements is overcome, to some extent, by the use of different primary ion sources for electropositive and electronegative elements. As opposed to secondary ions, the yield of sputtered neutrals (the vast majority of emitted species) is not very sensitive to the matrix composition of the sample. Accordingly, the use of sputtered neutrals instead of ions for analysis can reduce the effects of the matrix on quantification, and could give a reliable quantitative analysis. In sputtered neutral mass spectrometry (SNMS), the neutral fraction sputtered by an ion beam from the sample surface is mass analyzed after it has been post-ionized by using a laser beam, electron impact, radio-frequency plasma, or the like. 2 There are three general modes of operation for SIMS analysis, i.e. dynamic, static (low damage), and imaging SIMS. Dynamic SIMS uses a primary ion beam with a high current density to erode the sample surface rapidly. Since the surface layers are sputtered off one by one, the secondary ion intensities, recorded as a function of time, provide a depth profile of the elements in the sample. On the other hand, static SIMS is operated with a low primary ion current density (typically less than 1 nA cm -2 ). Because of a low sputtering rate and damage, static SIMS is useful for examining the uppermost surface of a sample. Two systems are available to observe secondary ion images with a lateral resolution of less than 1 µm. One is the ion microscope, in which a secondary ion image is projected directly onto a twodimensional detector. The other is the ion microprobe, in which a fine primary ion beam is scanned for secondary ion imaging, in the same way as in SAM. A three-dimensional image of a particular secondary ion is provided by the sequential accumulation of secondary ion images as the surface erosion progresses.
The surface of an insulating specimen builds up an electrical charge because of primary ion bombardment. Similar to AES, charging problems need to be overcome in SIMS analyses of geological samples. Common methods for reducing sample charging are to employ simultaneous electron flooding for positive charging, and to coat the sample surface with a thin layer of a metal, such as Au. The use of fast atom bombardment (FAB) instead of a primary ion beam is also [18] [19] [20] A method, which intentionally charges the sample surface, has also been used to suppress the detection of molecular ions in the mass spectra of insulating specimens (specimen isolation method). 21 
Environmental Particles
3·1 An example of a simple model for the peculiar chemical composition of environmental surfaces: adsorption of phosphate on iron oxides Let us suppose that a soil contains only two particulate components of the same size, one of which constitutes one-tenth of the soil and is toxic to earthworms. If the toxic constituent is present as a surface coating on the more-common nontoxic particles, an earthworm living in such soil would be affected directly or indirectly through the soil solution, as much as it would be were it living in an environment of a 100% toxic substance. We can simulate such a system in the laboratory, and subject it to a surface analysis.
Phosphate is one of the major limiting factors for plant growth, and its bioavailability is important in raising agricultural productivity. On the other hand, there is a potential environmental risk that phosphates from fertilizers could cause the eutrophication of surface water. The adsorption and desorption processes of PO4 3-in soil are therefore of great concern for plant-nutrient management in farming. In a simple example, 22 we mixed hematite (Fe2O3) with sodium dihydrogen phosphate (NaH2PO4·2H2O) at a P/Fe atomic ratio of 1:100 to approximate the ratio in soil. When the mixture was examined by XPS, the P 2p photoemission line was almost invisible compared with the Fe 2p3/2 line (Fig. 1a) . Successive suspension of the mixture in water and evaporation of the water resulted in a marked increase in the P 2p photoelectron line (Fig. 1b) . The surface P/Fe atomic ratio was 1:5, 20 times that of the bulk composition. This is consistent with the deposition of dissolved phosphate on insoluble ferric oxide particles as the water evaporates. Repeated washing of the mixture, followed by suspension and filtration, almost completely removed sodium from the particles, as monitored by the Na KL23L23 Auger electron line in XPS. The P 2p line, however, remained at a significant intensity (Fig. 1c) , which was attributed to chemisorbed phosphate. The apparent P/Fe atomic ratio was 3:100, which was still larger than the ratio in the original mixture.
Bertrand et al. 23 recently studied the surface adsorption of PO4 3-on goethite [FeO(OH)] particles, by imaging SIMS with two-dimensional scatter diagrams, i.e. by plotting the intensity of each pixel in one image versus that of the corresponding pixel in another image. After treatment of goethite with a KH2PO4 solution, they found a good linear correlation between the secondary ion intensities of FeO -and P -of the goethite samples, which suggests an even distribution of PO4 3-at the goethite surface, probably following an adsorption process. These examples of the adsorption of PO4 3-demonstrate the possible importance of a species as a surface component, even if it is marginal as a bulk constituent, and thus illustrate the importance of a technique that selectively analyzes surface and near-surface species.
3·2 Fly ash
The surface composition of coal fly ashes formed at electric power plants has been the subject of considerable environmental concern, because volatile heavy metals tend to become concentrated in the surface layers of fly ash particles through volatilization-condensation mechanisms during the combustion process. Fly ash particles emitted into the atmosphere contain respirable-sized components. 24 Once inhaled, the surface enrichment of toxic elements could enhance any possible adverse health effects. A higher concentration of volatile elements in the submicron particles has been observed, because the surface area-to-volume ratio of the fine particles is higher than that of coarser particles with sizes in the micron range. The surface compositions of coal fly ash, as determined by XPS analysis, showed surface enrichment of S, Ca, Mg and P. 25, 26 As synchrotron radiation facilities have come into widespread use, X-ray absorption fine structure (XAFS) spectroscopy, with a synchrotron radiation photon source, has recently been used in the field of analytical chemistry. To examine the radial distribution of the chemical bonding states of elements, Kawai et al. 27, 28 developed a new, soft X-ray absorption spectroscopic technique, in which the X-ray absorption spectra are recorded simultaneously in two different modes, i.e. total electron yield (TEY) and X-ray fluorescence yield (XFY) measurements. The probing depth of TEY is shallower than 10 nm, whereas that of XFY is deeper than 100 nm. This technique therefore enables the simultaneous analysis of both the surface layer and the deeper parts of a sample. Sulfur K-edge spectra of coal fly ash samples were recorded by using this technique. 28 The depthselective chemical state analysis showed that the major species of S in the surface layer was S 6+ . The sulfur should be oxidized to SO3 during the combustion process, and finally concentrated on the fly ash surface. However, the sulfur K-edge spectra taken by the XFY measurement indicated that S 2-remained within the cores of the fly ash particles.
Coal-fired power plants have problems relating to the storage and disposal of coal fly ash. In some cases, the coal fly ash is dumped into the ocean, and it is important to assess the potential availability to the marine environment of toxic elements released from the ash. To elucidate the reactions of coal fly ash particles with seawater, Brami et al. 26 immersion under deep-sea conditions. As expected, an XPS analysis of the retrieved coal fly ash showed a surface enrichment of Na and Cl, which was attributed to the presence of sea salt. Compared with the surface chemical composition of the fresh coal fly ash, the surfaces of retrieved samples were depleted in Si, Ca and S. It is likely that the dissolution of the silicate phase under alkaline conditions results in the surface depletion of Si. Low concentrations of Ca and S in the surface of the retrieved coal fly ash suggested the dissolution of CaSO4 from the surface. Because the depletion of Ca was more prominent than that of S, it was necessary to take into account the dissolution of other Ca phases, such as the amorphous glassy phase. On the other hand, Mg was enriched on the surface of retrieved coal fly ash, indicating the precipitation of Mg(OH)2 (brucite). The formation of an Mg-rich surface layer may inhibit the release of heavy metals from the fly ash surfaces.
In contrast to coal fly ash, little has been reported regarding fly ash from municipal waste incinerators. Since municipal wastes have a more complex chemical composition, which is difficult to regulate, fly ashes formed by their incineration should be presumed to contain higher concentrations of heavy metals. The ratio of the surface concentrations to the bulk concentrations of elements in a fly ash sample obtained from a municipal waste incinerator was determined by XPS 29 (Fig. 2 ). This showed that heavy metals, such as Zn, Pb, Cu, and Sn, are concentrated in the surface layers at several times their bulk concentrations, ranging from 1320 mg/kg (Cu) to 19000 mg/kg (Zn). The surface-to-bulk concentration ratio of the major elements, the bulk concentrations of which were 3.5 -9.5%, was less than unity. The major elements were apparently diluted by heavy metals and other surface-enriched elements. The surfaceto-bulk concentration ratio of elements was also determined (Fig. 2) after the fly ash (1 g) had been subject to batch leaching by water (10 ml) for 5 min, a conventional procedure for evaluating the extent to which toxic elements are leached from solid-waste landfills. In contrast to water-soluble alkali, alkaline earth, and zinc compounds, the surface concentration of Pb, which forms a sparingly soluble sulfate, increased remarkably. The Pb 4f and 4d photoelectron binding energies of the leached sample were consistent with the deposition of PbSO4 onto the fly ash particles. In assessing the environmental behavior of fly ash particles, it is important to have information about the surface chemical composition and bonding state of the fly ash.
The adsorption of toxic metals (Pb, Zn, etc.) and organic compounds [polycyclic aromatic hydrocarbons (PAH), etc.] onto surfaces of airborne particles is an important pathway for the distribution of these toxic substances in the environment. Zhu et al. 30 analyzed particulate matter with a diameter of 2.5 µm (PM2.5) from air pollution using time-of-flight SIMS (TOF-SIMS), XPS, and Fourier-transform infrared spectroscopy (FT-IR). The high spatial resolution (∼100 nm) of TOF-SIMS allowed the surface analysis of individual particulates. Because both metallic elements and organic compounds are detectable, TOF-SIMS is useful for the surface characterization of samples having intricate chemical compositions.
3·3 Sediment and soil
A standard reference material (SRM) 1645 "River Sediment", issued by the U.S. National Bureau of Standards (NBS)-now the National Institute of Standards and Technology (NIST)-exemplified a peculiar surface elemental composition for sediment particles collected from a polluted river. 31 The bulk composition of matrix elements, such as Si, Fe, Na, Mg, Ca, and Al, was within what would be expected for ordinary soil or sediment samples, whereas the sediment contained a large amount of Cr (2.96%). The surface elemental composition determined by XPS was compared with the bulk one (Fig. 3) . Chromium was present in apparently very high concentrations in the surface layers, whereas Si was depleted in these layers. The Cr/Si atomic ratio at the surface was 46 times as large as the bulk ratio. In fact, the wide-scan X-ray photoelectron spectrum (binding energy range 0 -1250 eV) showed that the sediment sample was more like chromium oxide mixed with organic carbon, with minor amounts of Fe, Ca, and Mg. The silicon photoelectron (2s or 2p) binding energy provides useful information concerning the chemical speciation of Si. 32, 33 The Si 2s spectrum was measured as a silicon photoelectron line in this study. The Si 2p spectrum is commonly preferred because it is sharper than the Si 2s line. However, the Al KLL Auger line excited by bremsstrahlung radiation overlaps the Si 2p line excited by Al Kα radiation. Aluminum is one of the important constituent elements of minerals, rocks, soils, and sediments. Therefore, we chose the Si 2s line for the study of such samples. elements, such as Cr 2p, but also in a shift of the Si 2s binding energy to a higher value of around 154 eV. The latter value is compatible with that of Si in silica, whereas the original, lower, binding energy is consistent with that of Si in clay minerals, which is considered to be the predominant surface Si species in the original particles. Such a distribution of Cr and Si suggests that Cr was introduced into the river as a pollutant, and deposited on the surface of the originally silica-rich sediment particles. This kind of segregation of elements in sediment particles was also demonstrated for a natural depositional environment. 34 In Lake Mashu, a caldera lake in eastern Hokkaido, Japan, hot springs at the bottom of the lake are a major source of dissolved elements. From the apparent surface composition determined by XPS, the elements in the sediment from the lake were divided into three groups according to their surface-to-bulk ratio of concentrations. The matrix elements, such as Al, were slightly surface-depleted. The easily leachable elements, Na and Ca, were significantly surface-depleted. Elements that were apparently surface-enriched included Fe, Mn, and As, 35 suggesting that the dissolved Mn and Fe from the hot springs are oxidized to form insoluble oxides upon contact with oxic lake water, and precipitate onto the sediment, accompanied by the co-precipitation of As with hydrous ferric oxide.
X-ray photoelectron spectroscopy has also been used to examine organic matter in density-fractionated marine sediments. 36 For the lightest fractions containing large amounts of organic matter, the surface concentration of organic carbon was the same as the bulk concentration. This suggests that the organic matter acts as a glue between the mineral particles, resulting in aggregate formation. On the other hand, for the heavier fractions, which were mostly mineral aggregates with minor amounts of associated organic matter, the organic matter was concentrated on the surfaces.
Surface chemical processes are important in soil science. For example, leaching (dissolution) and precipitation (deposition) of elements through a soil column forms a characteristic soil profile.
Unfortunately, surface-analytical techniques have rarely been applied to real soil samples, presumably because the composition has been considered to be too complex to allow a quantitative explanation of the results. X-ray photoelectron spectroscopy is a suitable method among surface-analytical techniques for the analysis of soil, partly because it is less destructive than other techniques. We have applied XPS to assess the surface composition of soil particles taken from several horizons of Podzolic soils. 37 Podzolic soil develops under forests in moist temperate or cool climates. It is acidic because of the input of organic acids. One of the important findings of this study was that the surface of the soil particles was enriched in C, N, and Al. Carbon and nitrogen could be assigned to organic matter, and the larger surface C (N) concentration was associated with the higher Al concentration, strongly indicating the presence of Al-organic complexes as a coating over the surfaces of the soil particles. Such information on Al would be important in assessing the behavior of Al (mobilized) in soil under acidic deposition. Barr et al. 38 also attempted to characterize soil samples by XPS analysis (Si/Al atomic ratio, Si 2p and Al 2p photoelectron binding energies, etc.), and pointed out that the structure of the photoelectron spectrum in the valence band region gives a clue as to the constituent minerals in the soil.
The information on the radial distribution and chemical speciation of a toxic element, such as a heavy metal, in contaminated soil particles is helpful in assessing the health and environmental risks associated with that element in soils.
Tingle et al. 39 applied XPS and SNMS to the surface analysis of soils from an area of active mining and smelting where Cu-Pb-Zn-Ag-Au ore had been mined. They found that the soil surfaces were contaminated with Pb, and there was a correlation between the surface Pb levels and the soil pH. Soils with a pH below 4 contained little or no Pb on grain surfaces, whereas soils with a pH above 4 showed abundant Pb on mineral surfaces. The Pb-bearing surface layers on soil particles were estimated to be of the order of a few nanometers thick, by SNMS depth profiling. The lead 4f7/2 photoelectron binding energies of soil samples suggested that Pb was present as divalent Pb-O and/or Pb-OH species. An understanding of the surface chemistry and weathering of soils and minerals in areas where ore deposits occur is valuable for predicting the possible pollution problems from mining activity. In addition, it may be also useful in the exploration of underground deposits.
The direct detection of organic pollutants on environmental surfaces is an important analytical activity, because we can analyze samples without any tedious pretreatment. Static SIMS, a suitable analytical technique for identifying organic compounds adsorbed on a surface, was applied to detect the residues of various pesticides on soil particles, by using an ReO4 -primary ion beam. 40 The ReO4 -primary particle provides an enhanced production of molecular secondary ions, and is advantageous when probing organic surface-adsorbates. More recently, SIMS with an ion trap mass spectrometer and ReO4 -primary ion was used to analyze chemical-warfare agents (organosulfides, 41, 42 organophosphorus compound, 43 and amines 44 ) on soil particles. The ion trap mass spectrometer is capable of selective accumulation of secondary ions having a specific mass range. Once formed and isolated, the secondary ions can be collisionally dissociated to form fragment ions that are diagnostic of the organic molecule of interest, and are discriminated from the background signals in the mass spectra, which arise from the ubiquitous organic adsorbates present on the soil surface. This instrumental approach using ion trap SIMS is a promising surface-analytical technique for probing low concentrations of organic compounds adsorbed on environmental surfaces.
In sediment and soil, elements such as Al and Fe dissolve from, and precipitate onto, a solid phase, in a manner that depends on the condition of the ambient solution. The deposition often results in the formation of fine particles with an amorphous or poorly crystallized phase. Because of their large specific surface areas and inherent surface reactivities, these components are chemically active in the environment. One of these forms of particulate matter is naturally occurring ferrihydrite, a poorly crystallized form of hydrous ferric oxide. Singh et al. 45 examined the chemistry and mineralogy of ochre sediments containing goethite and ferrihydrite from acidic mine drainage. An X-ray photoelectron spectroscopic analysis of the sediment samples showed the presence of adsorbed SO4 2-, which could be exchanged with other specifically adsorbed anions, such as PO4 3- . Fine particles of ferrihydrite could contribute to the SO4 2-adsorption, because of the high areas of the reactive surface. It is certain that ferrihydrite is one of the important constituent minerals for controlling the environmental chemistry in a mining area.
Ferrihydrite is also considered to be the precursor of hematite and goethite in natural systems, and is often associated with other components, notably silicate. 46 It has been suggested that ferrihydrite can be partly stabilized by association with silicate and organic anions. X-ray photoelectron spectroscopy could be used to characterize the chemical state of silicate microscopically well-dispersed (or in the molecular state) in a 491 ANALYTICAL SCIENCES APRIL 2003, VOL. 19 ferrihydrite matrix. 47 The Fe/Si atomic ratio of naturally occurring siliceous ferrihydrite, as determined by XPS, approximated to, or was slightly larger than, the bulk ratio. This indicated that silicate was microscopically (on the scale of the photoelectron mean free-path of several nanometers) well dispersed in the ferrihydrite matrix. The Si 2s binding energy (152.7 -153.1 eV) was close to that of nesosilicates, such as olivine [(Mg,Fe)2SiO4, 152.9 -153.0 eV 48 ], and was well below that of silicon dioxide, i.e. quartz (154.4 eV 48 ). Accordingly, the SiO4 4-tetrahedral unit was considered not to be significantly three-dimensionally polymerized. On the other hand, for ferrihydrite precipitated in the laboratory from a solution containing silicate, the XPS Fe/Si atomic ratio was smaller than the bulk one, and the Si 2s binding energy (154.1 eV) was higher, and close to that of quartz. These facts suggested that silica layers with three-dimensionally polymerized SiO4 4-units covered the outer surfaces of the ferrihydrite particles. Partially resolved double peaks in the O 1s spectrum of the synthetic ferrihydrite were consistent with the segregation of the two oxide phases, ferrihydrite and silica. In natural processes, which often occur over a longer time span, a peculiar material phase may be formed, which is not easily produced in laboratory experiments. The identification of such unusual phases is one of the challenges in the chemical analysis of environmental samples.
Chemical Weathering of Silicate Minerals
The constituent minerals in rocks and soils are gradually decomposed through a variety of reactions, such as hydrolysis, hydration, oxidation, ion exchange, and adsorption. These reactions, taken together, are referred to as "chemical weathering", which plays a key role in the geochemical cycling of elements on the earth's surface. For example, the dissolution of minerals and rocks by slightly acidic natural water (containing dissolved carbon dioxide) has, over geological timescales, led to the formation and accumulation of soils. Because the rate of dissolution under acidic conditions increases with decreasing pH, mineral weathering is accelerated by rainwater that has been acidified by oxides of sulfur and of nitrogen produced by the combustion of fossil fuels. Indeed, the widespread incidence of acid rain poses a serious environmental problem of global proportions. Chemical weathering takes place at the mineral surface/solution interface, and the process is strongly influenced by the structure and chemical composition of the mineral, as well as by the properties of the ambient solution (acidity, temperature, etc.).
Surface-analytical techniques are useful in probing the mechanisms underlying chemical weathering, which is essentially a surface process.
As the major constituents of rocks, silicate minerals have received a great deal of attention in terms of their susceptibility to chemical weathering. Many studies concerning the chemical weathering of silicate minerals have been reported. The surface alteration of feldspars, 49 pyroxenes, 50 and amphiboles 50 by weathering and dissolution have been reviewed. Nevertheless, we still have no clear understanding of the surface alterations that occur during the dissolution of silicate minerals. Here, we describe the surface analysis of weathered silicates, focusing on the formation of an altered (depleted) surface layer through the preferential leaching of some elements from the mineral surface. Another interest in this section is the formation of a protective coating, such as a hydroxide deposited from the ambient solution onto the mineral surface. The surface alteration of silicate minerals weathered both in the laboratory and in nature will be described.
4·1 Weathering in the laboratory
The surface alteration of acid-leached biotite [K(Fe,Mg)3AlSi3O10(OH,F)2 (Fe > Mg)], a major rock-forming mineral in granite, was examined as a model for the chemical weathering of silicate minerals. 51 A cleaved thin section of biotite was immersed in 0.05 mol l -1 H2SO4 for 1 h to 10 days with constant stirring, and then analyzed by XPS and SIMS. The positive secondary ion depth profiles of biotite samples, before and after acid treatment (Fig. 4) , provided evidence for the formation of an altered surface layer. Compared with the original sample (Fig. 4a) , the depth profile of the acid-treated mineral (Fig. 4b) showed a delay in the rise of the 56 Fe + and 24 
Mg
+ signals, indicating that the altered surface layer was depleted in these elements. The 56 Fe + and 24 Mg + profiles of the acid-treated biotite were similar to each other. The biotite surface after acid dissolution was also depleted in Al, but the depth of the depletion was less than that for the divalent cations, Fe and Mg (Fig. 4b) . It would therefore appear that Fe and Mg are more susceptible to acid leaching than Al. In addition, the acid treatment caused an initial increase in the 28 Si + intensity (Fig. 4b) , which later decreased to a value representative of the bulk mineral. The SIMS results clearly indicate preferential leaching of Fe, Mg, and Al from the surface layer of biotite, and simultaneous surface enrichment by Si during acid dissolution. After one week of acid treatment, the thickness of the altered surface layer was about 100 nm. However, the thickness of the dissolved layer, deduced from the concentration of elements in the acid extract, was greater than that of the altered layer, indicating that all of the constituents of several layers, including Si, were removed from the surface by the acid dissolution. The K + ion is held between the aluminosilicate layers, and would also be expected to be leached by acid treatment. However, the depth profile of the 41 K + secondary ion did not provide clear evidence for the surface depletion of K in the biotite after acid dissolution. The 41 K + intensity of the surface was often higher than that of the bulk, for both unleached and acid-leached samples. Alkali metals are known to become mobile in a sample during a SIMS analysis, as the result of sample charging. 3 The surface enrichment of K may therefore be due to charge-induced migration of K + under O -bombardment (see the XPS results below).
The formation of an altered surface layer was confirmed by XPS (Fig. 5) , although the Mg concentration was too low to be detected. 51 For acid-leached biotite, the surface abundances of Al, Fe, and K relative to Si decreased with increasing reaction time. This observation was indicative of the preferential dissolution of Al, Fe, and K, in keeping with the SIMS depth profiling. The Si 2s and O 1s photoelectron binding energies of the original sample were 153.3 eV and 531.3 eV, respectively. The corresponding spectra during acid treatment broadened and shifted to higher binding energies. After acid treatment for more than one week, the binding energies of both Si 2s (154.1 -154.6 eV) and O 1s (532.5 -533.1 eV) were comparable to those of silicon dioxides, such as quartz (Si 2s = 154.4 eV; O 1s = 532.6 eV) and silica gel (Si 2s = 154.6 eV; O 1s = 533.1 eV), suggesting the formation of SiO2·nH2O on the mineral surface. Scanning electron microscopy (SEM) of acid-treated biotites showed surface fractures indicative of non-uniform dissolution, as reported for other silicate minerals. 48, 52, 53 The laboratory weathering of feldspars has frequently been studied, because these are the most abundant constituents of igneous rocks, and are susceptible to weathering. X-ray photoelectron spectroscopy was previously used in the 1970s to assess the surface alteration of feldspar during dissolution, for example, by Petrović et al. 54 Recent studies on the surface alteration of plagioclase [(Na,Ca)Al(Al,Si)Si2O8] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] showed that preferential leaching of Al, Ca, and Na occurs during acid dissolution (pH 1 -4), resulting in the formation of an altered surface layer rich in Si (from over 10 nm to several hundreds of nanometers thick). As in biotite, Ca and Na were more susceptible to acid leaching than was Al in the aluminosilicate framework. 59, 61, 63, 64 The hydrogen depth profile of acid-leached labradorite [a plagioclase with a Ca/(Ca + Na) ratio of 0. 5 -0.7] showed that the hydrogen concentration in the surface layer was higher than that in the bulk, indicating the formation of a leached layer consisting of hydrated silicon dioxide. 61 Based on quantitative SIMS depth profiling, the chemical composition of this layer was determined to be SiO1.8(OH)0.4. 61 Even after leaching in a weakly acidic solution (5 µmol l -1 H2SO4), Ca and Na were leached out from the surface layer of the plagioclase, whereas Al was slightly enriched at the surface. 64 This suggested the formation of an altered surface layer, composed mainly of hydrous Si and Al oxides, during dissolution under slightly acidic conditions.
In plagioclase structures, the amount of Al varies in proportion to the relative amounts of Ca and Na, so as to maintain electrical neutrality, i.e. the more Ca, the greater is the amount of Al. Because the Al-O bond in aluminosilicate frameworks is weaker and is more easily cleaved than the Si-O bond, plagioclase with a higher Al content is more susceptible to weathering. The altered surface layers of labradorite and bytownite [a plagioclase with a Ca/(Ca + Na) ratio of 0.7 -0.9] that had been subjected to acid-leaching (pH 3.5 for 90 days) were thicker than that of sodium feldspar [albite (NaAlSi3O8)] that had been treated identically. 55 Thus, for plagioclase feldspars, there seems to be a correlation between the thickness of the altered surface layer and its susceptibility to weathering. However, the altered surface layer of acid-leached calcium feldspar [anorthite (CaAl2Si2O8)] was thinner than that of acidleached labradorite, 60 despite the fact that anorthite has the fastest acid-dissolution rate among the plagioclase feldspars. 49 Anorthite [Al/(Si + Al) ratio = 0.5] contains more Al and less Si than labradorite [Al/(Si + Al) ratio = 0.375 -0.425], and also has a fully ordered framework structure in which the equal numbers of Si and Al in the tetrahedral site alternate in a regular fashion. As a result, there is less Si available in anorthite for the formation of a residual layer of polymerized silica. Instead, isolated Si(OH)4 is likely to be released into the solution when the Al-O bonds in anorthite are cleaved during acid dissolution. To investigate the effect of the substitution of Si for Al in the three-dimensional Si-O framework, three glasses with varying Al content-albite (NaAlSi3O8, Al/(Si + Al) = 0.25), jadeite (NaAlSi2O6, Al/(Si + Al) = 0.333), and nepheline (NaAlSiO4, Al/(Si + Al) = 0.5) glasses-were synthesized and dissolved under acidic and basic conditions. 65 This study showed that there are similarities in the dissolution behavior between plagioclase crystals and these glasses. The dissolution rate of the glasses at all pH values increased with increasing Al content. After acid leaching, the extent of Al depletion of the altered surface layer increased with increasing Al/(Si + Al) ratio from 0.25 (albite glass) to 0.333 (jadeite glass), but then decreased in nepheline glass [Al/(Si + Al) = 0.5]. The formation of thick altered layers depleted in Na and Al (210 nm thick) was observed on the surface of jadeite glass after reaction for more than 1000 h at pH 1 or pH 2.
Aqueous metal cations, such as Al through cation-exchange reactions. [57] [58] [59] 62 On the other hand, anions such as F -and C2O4 2-(oxalate) can enhance the leaching of these cations, because of their ability to form aqueous complexes with Ca and Al, thus giving rise to a thicker and more extensive leached layer. 60, 62 Adriaens et al. 53 studied the acid dissolution (0.1 mol l -1 HCl or DCl at 16 -200˚C) of potassium feldspar [sanidine (KAlSi3O8)]. Because of its relatively low content of structural Al, sanidine, like albite, is less susceptible to weathering than is plagioclase feldspar. Also, a thick altered layer does not form on the surface of acid-leached sanidine. However, when silica was added to the acid solution, Si dissolution was suppressed. This, and the preferential leaching of Al, K, and Na (a minor constituent), led to the formation of an Si-rich surface layer on sanidine. Depth profiling by SIMS indicated that the thickness of the altered surface layer (ranging from ten to several hundred nanometers) increased with the duration of leaching and with increasing temperature of the acid solution. When the solution contains silicic acid, hydrated silica may precipitate on the mineral surface. To distinguish between the leached layer and the precipitate on the surface, it is important to analyze both the mineral surface and the reactant solution after acid treatment. Teng et al. 66 applied in situ atomic force microscopy (AFM) and X-ray reflectivity to probe directly the evolution of the dissolution of the (001) cleavage surface of another potassium feldspar, orthoclase (KAlSi3O8), and demonstrated the utility of these analytical techniques for measuring nanometer-scale structures and face-specific dissolution rates on single crystals. Their measurements showed that orthoclase dissolution is controlled by at least two separate surface reactions. At acidic pH values, the dominant mechanism is active across the entire surface, and results in etch pit formation and roughening of the terrace area, whereas at alkaline pH values, the dominant mechanism is active primarily at steps and other defects, and does not change the local roughness, structure or stoichiometry of the surface. In the same manner as for acid-treated sanidine, no thick leached layer was formed, but thin coatings having a thickness of only a single unit cell were observed on an orthoclase surface under acidic conditions. Chen et al. 67 used angle-resolved XPS to investigate the surface alteration of polished albite single crystals treated with HCl solutions at pH 2.9 at 5, 50 and 90˚C. In contrast to the dissolution of sanidine in an acid solution containing added silica, 53 the extent to which Na and Al were leached from the surface of albite decreased as the solution temperature increased. This was explained in terms of competition between dissolution of the surface layer and diffusion of Al and Na through the leached layer into solution. 67 Thus, with increasing temperature, the dissolution rate of the altered surface layer increases more rapidly than the rate of diffusion, resulting in a decrease in the thickness of the leached layer. 67 Similar Si-rich altered layers were also observed on the surfaces of acid-leached olivines, 48, [68] [69] [70] pyroxenes, 68, 71, 72 and amphibole [tremolite, Ca2(Mg,Fe)5Si8O22(OH)2 (Mg > Fe)], 72 because of preferential leaching of Mg, Fe, and Ca. The thickness of altered surface layers, deduced from XPS analyses, was 20 nm for olivine, 69 and less than a few nanometers for pyroxenes 68, 72 and tremolite, 72 i.e. it was less than that of acidleached biotite and plagioclase, as described above. The treatment of Fe-rich minerals (olivine and pyroxene) with a solution containing dissolved oxygen at pH 6 led to the oxidation of Fe 2+ to Fe 3+ and the formation of hydrated ferric oxide on the mineral surface. 68 A resonant nuclear reaction analysis (RNRA) was used to obtain hydrogen depth profiles of acid-leached silicate minerals. 69, 71 This technique is based on the resonant α-γ (helium and γ-rays) reaction between 1 H and 15 N (resonance energy = 6.4 MeV), 69, 71 15 N + 1 H  → 12 C + 4 He + 4.43 MeV (γ-rays).
A depth profile of H can be obtained by bombarding a mineral sample with 15 N of variable energy, and recording the γ-ray yield as a function of the 15 N energy. The depth profiles for acid-leached diopside 71 and olivine 69 showed a high concentration of H at depths of up to 100 -200 nm, indicating the penetration of H (water) into the mineral during acid dissolution. On the other hand, during dissolution under alkaline conditions (pH 12), H was only concentrated within a region of less than 20 nm thick on the surface of olivine. 69 In addition to affecting the pH of the soil solution, organic acids secreted by soil microorganisms, such as bacteria and fungi, can form complexes with metal ions in solution and on mineral surfaces. By promoting or inhibiting the dissolution process, soil microbes play an important role in the biological weathering of minerals. An XPS study on bacteria-enhanced mineral dissolution showed that bacteria (Arthrobacter species) capable of exuding a catecholate siderophore could accelerate the release of Fe from hornblende [NaCa2(Mg,Fe,Al)5(Si,Al)8O22(OH)2] without measurably affecting the Al release, giving rise to an Fe-depleted surface layer. 73 Kalinowski et al. 73 inferred that the enhanced Fe release was caused by Fe-siderophore complexation at the mineral surface.
We examined the surface alteration of rock samples during acid dissolution, and confirmed the formation of an Si-rich layer. 74 The acid dissolution of a rock consisting of feldspars reflected the behavior of its major constituents, i.e. orthoclase and albite. On the other hand, the dissolution behavior of an olivine-rich rock (dunite) was different from that of forsterite (Mg2SiO4), its major mineral constituent. In this instance, the minor constituents of the rock sample appeared to have a controlling influence on the dissolution process.
According to the various studies described above, the dissolution of aluminosilicate minerals under highly acidic conditions proceeds as follows (Fig. 6) . Initially, there is an exchange of H + in solution for charge-balancing cations, such as Ca 2+ and Na + in plagioclase feldspars, by means of which the negative charge of the aluminosilicate network can be neutralized, resulting in the formation of a cation-exchange zone at the mineral surface. Subsequent removal of the chargebalancing cations and adsorption of H + cause the Si-O and Al-O bonds in the aluminosilicate framework (structure) to weaken, leading to their hydrolysis,
Because the Al-O bond is more readily hydrolyzed than the Si-O bond, the formation of a cation-exchange zone is followed by the release of tetrahedrally coordinated Al 3+ from the aluminosilicate framework.
As a result, the framework disintegrates, and an altered layer rich in Si (hydrated silicon dioxide, SiO2·nH2O) forms at the mineral surface. The release of Si from the altered surface layer into solution is the ratelimiting step. The overall dissolution of silicate minerals proceeds through these steps. Hydrogen ions can penetrate deeply into the mineral, and charge-balancing cations can diffuse through the altered layer into solution. The thickness of the Si-rich altered layer is therefore determined by both the rates of dissolution of Si and leaching of the charge-balancing cation.
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This layer becomes thicker as the rate of dissolution of Si decreases and the rate of leaching of the charge-balancing cation increases.
Based on this dissolution model, the diffusion coefficient and activation energy of diffusion can be determined from the variation in thickness of the altered surface layer, as a function of the reaction time and the temperature. 53, 63 For example, the activation energy of diffusion of K through the altered surface layer was estimated to be 1790 J mol -1 for the acid-leached sanidine. 53 The diffusion coefficients of Al and Ca in the leaching zone of acid-treated labradorite were calculated to be 2.5 × 10 -17 and 4.0 × 10 -17 cm 2 s -1 , respectively.
63
It is worthwhile to obtain quantitative information on dissolution mechanisms from surface-analytical data, and to assess this information in terms of its significance to the chemical weathering process.
4·2 Weathering in nature
Only a limited number of reports are available on the surface alteration of minerals during natural weathering. Nesbitt and Muir 75 obtained SIMS depth profiles of naturally weathered plagioclase samples from a 10000-year-old till. In contrast to those of laboratory-weathered (acid-leached) minerals, these profiles showed a 30 -80 nm thick surface layer that was depleted in Si, but enriched in Al (Fig. 7) . Although a layer of crystalline precipitates was not detected, an Al-rich surface layer may have formed because Al leaching was suppressed by the presence of dissolved Al in the soil solution. The SIMS depth profiles of naturally weathered biotite samples showed the formation of an altered layer (< 60 nm) at the surface, which was slightly enriched in Al and Si. 76 This observation for naturally weathered biotite is different from that for biotite dissolved in acidic solution in the laboratory, which showed a surface layer depleted in Fe, Mg, and Al, 51 as already described. In investigating the products of naturally weathered potassium feldspar, Kawano and Tomita 77 did not find a leached layer, but detected a surface precipitate of amorphous aluminum hydroxide with fibrous and spherical particle morphology. They suggested that this material could be transformed into a crystalline phase, such as gibbsite [Al(OH)3] or halloysite [Al2Si2O5(OH)4], as weathering proceeds. As mentioned above, the formation of an Al-enriched phase was observed on a plagioclase surface during dissolution under slightly acidic conditions. 64 Boehmite [AlO(OH)] nucleated at an orthoclase surface in the form of 130 nm thick and >1 µm wide crystals after acid treatment for 11 months at pH 2 and 95˚C. 66 These results of feldspar dissolution in the laboratory compare favorably with the surface enrichment of Al observed for naturally weathered feldspars.
On the other hand, Berner and Schott 52 observed a thin (less than a few nanometers thick) altered surface layer, depleted in Ca and Mg, on grains of partially weathered pyroxenes and amphibole (hornblende) from soil, suggesting that the weathering process was similar to acid dissolution in the laboratory.
The depth profile of naturally weathered hornblende, determined by a combination of AES and sputtering with an argon ion beam, showed formation of a thick (up to 120 nm) altered surface layer depleted in Ca and Mg, but enriched in Si, Al, and Fe. 78 No strong chemical change was observed on the surface of naturally weathered zircon (ZrSiO4) grains. 79 To elucidate the mechanism of feldspar weathering in an acidic soil, Nugent et al. 80 buried albite (90 mol% albite and 10 mol% anorthite) tablets in the B horizon [a layer of accumulation (illuviation) of leached material] of a Spodosol for 0.5 -3.5 years, and examined the resulting surface alteration, by means of AFM, XPS, SIMS and other analytical techniques. At the depth of burial, the soil pore waters ranged in pH from 4.9 to 5.6 (average, 5.1), and were undersaturated with respect to all feldspars, but supersaturated relative to kaolinite. The depletion of Al and Na was observed at the surface of sample buried for 6 months (initial stage of weathering). However, the surfaces of samples that had been buried for longer periods were enriched in Al, arising from the precipitation of a patchy coating of crystalline (kaolinite) and amorphous hydrous aluminosilicate. The particles of this discrete coating ranged in size from nanometers to millimeters, and in thickness from about 5 to 1000 nm.
The coating might partially inhibit further dissolution. An X-ray photoelectron spectroscopic analysis of a hornblende disk after 21 days of burial in a Spodosol also showed surface enrichment in Fe and Al, probably associated with the formation of an amorphous Fe/Al oxyhydroxide precipitate. 73 This summary indicates that the mechanisms of mineral dissolution under most laboratory conditions (acid dissolution) are not generally applicable to weathering in nature. Differences in the thickness and chemical composition of the altered surface layer between acid-leached and naturally weathered minerals may be ascribed to differences in the temperature, acidity, dissolved components, and ionic strength of the reactant solution. Cations dissolved in soil solutions should inhibit the formation of a thick siliceous leached layer on silicate mineral particles in soils. 58 The surface enrichment by Al, reported in some studies, presumably arises from the suppression of Al leaching, and/or the precipitation of an Al- rich phase, such as a hydroxide, from solutions with a moderate pH. It should be noted that Fe/Al oxides are common ultimate residues in the natural weathering of soil. Although weathering under laboratory and field conditions may proceed in a similar manner during the early stages, the formation of an Al-rich surface layer would affect the mineral dissolution over geological timescales. Natural weathering rates of silicate minerals are some orders of magnitude lower than the laboratory dissolution rates. 81 A protective coating, such as an Al-rich surface layer, is likely to inhibit mineral dissolution, contributing to this discrepancy between the weathering rates measured in nature and in the laboratory.
More surface-analytical data on naturally weathered minerals of known history are required in order to elucidate the mechanisms of natural weathering of silicate minerals. Similarly, information is needed on the surface alteration of minerals treated with solutions containing inorganic and organic substances, simulating the complex systems present in nature. Mineral dissolution proceeds non-uniformly at sites associated with crystal imperfections and structural defects, which are preferentially decomposed. As a result, pits and fractures commonly develop on the surface of mineral grains. In addition, the mineral surface is often unevenly coated with material precipitated from the ambient solution during natural weathering. The assessment of non-uniform dissolution and precipitation requires the application of microscale surfaceanalytical techniques, such as SIMS and AFM, to weathered samples (analyzed area 1 µm 2 ). Although AFM has been useful in revealing the fine structure of mineral surfaces, 66,80 this method has not been widely applied to the analysis of weathered minerals. X-ray photoelectron microscopy 11 is another versatile technique for characterizing the surface heterogeneity of weathered minerals.
Conclusions
Surface analysis is essential for evaluating heterogeneous environmental and geological samples. A combination of XPS and SIMS, which are general methods for surface analysis applicable to a wide range of samples, is especially advantageous for the surface characterization of environmental samples having intricate microstructures.
The utility of synchrotron radiation as a powerful photon source has made surface-analytical techniques using photon excitation, such as XPS and XAFS, more valuable tools for probing surface chemistry. The recent development of instrumental analysis has also enabled microscopic surface analyses to be performed. Surface characterization by the use of various analytical techniques will facilitate a precise understanding of the chemical processes at the surfaces of various solid materials in nature.
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